In this work we study in a general view slow rotating planets as Venus or Titan which present superrotating winds in their atmospheres. We are interested in understanding what mechanisms are candidates to be sources of net angular momentum to generate this kind of dynamics.
I. INTRODUCTION
Superrotation in Venus is an effect known since forty or more years. However, the origin and mechanism of sustenance of these fast winds is still an open question. In this report we want to review different proposals for the causes of this phenomenon, and to introduce a simple model to clarify the basic physical effects necessary to sustain the winds by sun irradiation.
The upper atmosphere of a planet is regarded as the region of the atmosphere whose structure and dynamics (temperature and density distribution, composition and winds) are governed by the direct absorption of solar radiation. The diversity and complexity of the processes taking place in the upper atmospheres have made it necessary to develop their study into a-separate branch of geophysics and astrophysics-aeronomy, which uses many branches of physics and some branches of chemistry. The study of upper atmospheres has both practical and theoretical interest. The knowledge of the characteristics of the charged components of the upper atmosphere (which constitutes the ionosphere of the planet) is needed to improve radio communications and radio navigation (including space navigation); the knowledge of the characteristics of the neutral upper atmosphere is needed to determine the trajectories and lifetimes of artificial satellites and the trajectories of space probes that enter the atmosphere. Clarification of the mechanisms by which the influence of solar activity is transmitted through the upper atmosphere to the troposphere is one of the important tasks in the problem of solar-terrestrial relations. Comparative study of the upper atmospheres of different planets and, in particular, of the dissipation of gases from the atmospheres assists in clarifying the problem of the evolution of planetary atmospheres. The dynamics of the Venus atmosphere presents a major unsolved problem in planetary science: the so-called superrotation of the lower atmosphere and its transition to solar-antisolar circulation in the upper atmosphere. In general the dividing line between the lower and upper atmosphere at 90-100 km altitude (pressure 0.39 to 0.028 mbar), the base of the day-side thermosphere.) Superrotation has also been observed in the atmosphere of Titan, the only other slowly rotating world with a substantial atmosphere known at present. In this case also the transition to a different circulation in the upper atmosphere is also apparent but not well understood. Thus, the issues discussed below may be generic to any slowly rotating terrestrial planet's atmosphere.
A. Comparison with Earth
Venus is one of the terrestrial planets, together with Earth and Mars, and has similar mass and radius to those of Earth. Probably at the beginning of its history it had a similar atmosphere to our planet. For unknown reasons Venus has a slow retrograde rotation respect Earth. Apparently the magnetic dynamo in Venus is turned off, and thus its atmosphere is completely exposed to the action of the solar wind, which lead to several authors to speculate an initial loss of hydrogen and oxygen, that in principle explains the absence of water. However, enough concentrations of nitrogen and carbon exist to generates a greenhouse effect, maintaining a dense and acid atmosphere compared with that of our planet. Temperature varies along altitude, and due to superrotation there are not strong fluctuations between day and night sides in the upper atmospheric levels. One point to note is that the difference in Albedo between day and night is extreme. The radiation in those regions is approximately that of a black body and a white body, respectively.
II. EARLY ATTEMPTS
In this section we describe some essential and basic characteristics of Venusian atmosphere and its interaction with the surrounding ambient. The atmosphere presents two dynamic regimes, zonal superrotation in the troposphere and mesosphere [2] and solarantisolar circulation trough the terminator line in thermosphere [3] , [4] .
A. Solar Wind Interaction
Although Venus has apparently no magnetic field of its own, the solar wind in the higher atmosphere levels generates an induced magnetosphere. The schematic cartoon is shown in Figure 2 . C. Atmospheric Cells
These cells transports heat from the equator to the poles by convection, the scheme is shown in Figure 5 . The warm gas travels to the poles and closes the cell transporting cold gas which toward the equator al low altitudes. Essentially, there are four cells, two in the 
III. SUPERROTATION
To have superrotation, it is necessary to build up net angular momentum over the whole atmosphere around the planet. Also, a stationary balance between sources of angular momentum and diffusive effects to maintain an equilibrium in time is necessary too. In this section we are going to mention some of these effects to evaluate their role in this dynamics.
A. Solar wind influence
On Mars and Venus the solar wind (the flux of solar plasma) has a very important influence on the atmosphere because of the weak magnetic fields of these planets. According to the measurements, the magnetic fields of Mars and Venus are about 10 −4 of the terrestrial magnetic field; Mars apparently has an intrinsic magnetic moment while the magnetic field of Venus is induced by the effect of the solar wind on the ionosphere. [6] , [7] , [8] , [9] , [10] and [11] .
The nature of the influence of the solar wind has not yet been completely clarified, though the main features are as follows [12] , [13] , [14] , [15] and [16] . , [18] , [19] , [20] , [21] , [22] , [23] and [24] .
The shape of the shock wave agrees satisfactorily with the one calculated in the framework of the hypersonic gas-dynamic model.
The position of the plasmopause is determined in the hydrodynamic approximation by the condition of balance of the dynamic pressure of the solar wind and the pressure of the ionosphere:
where n sw , m sw , v sw , B sw are the concentration, the mean mass of the particles, the velocity, and the magnetic field in the solar wind, κ ∼0.88 for the flow considered here; n e , n i , T e , T i are the concentrations and temperatures of the ionospheric electrons and ions, and B is the magnetic field in the ionosphere; ζ is the angle between the outer normal to the mesopause and the velocity of the unperturbed solar wind.
Note that neglecting the interaction between the solar wind and the neutral particles simplifies the real picture since although the cross sections of interaction of solar wind particles with the neutral particles are smaller than those with the charged particles, there are many more neutral than charged particles near the base of the exosphere.
From Eq. 1 and using the experimental data on the height of the plasmopause on Venus and parameters of the ionosphere and the solar wind it was found that the magnetic field has not yet been sufficiently studied. It has been shown in Whitten and Collin (1974) [25] that the hydrodynamic relation (6), which essentially determines the plasmopause as a wall that is impenetrable for particles of the solar wind, is approximate; in reality, turbulence of the plasma behind the shock wave may cause instabilities to arise on the plasmopause, and these can allow particles of the solar wind to enter the plasmosphere. On the basis of these ideas, an energy source was introduced in some ionospheric models at the upper boundary of the ionosphere [26] . On the other hand, in Cloutier and Daniell (1974) [15] , also on the basis of a qualitative argument, it was found that if particles of the solar wind pass through the plasmopause electric forces arise which prevent their penetration into the plasmosphere and return them to the outer flux. In the model of [15] there is a sink on the upper boundary of the ionosphere due to the ionospheric particles being "swept out" by the solar wind.
As was pointed out in Izakov (2001) [27] a further study of the interaction of the solar wind with the atmosphere is needed in order to make more precise the upper boundary conditions in theoretical models of the atmosphere and the ionosphere.
One of the most firm candidates to explain the superrotation of Venus atmosphere is Gierasch mechanism (GM), (Gierasch, 1975 [28] ). In GM angular momentum is generated in the lower atmosphere, for instance, by the drag of the planet surface, and a Hadley cell convects it upward near the equator. The meridional flow of the cell at high altitudes transport angular momentum toward the poles, near of which it is convected downward.
GM also requires the existence of a mechanism that opposes the poleward advection at 
C. Other candidates to generate superrotating winds
The superrotation is allocated in the termosphere, the transterminator flow is in the mesosphere, and the Hadley cells are allocated in the troposphere. The transterminator flow could be an agent to propagate momentum between different layers of the atmosphere, adding thermal convection and the rotation of the planet could be a promising candidate to generates superrotating winds.
[31]
Simple Model for an external forcing
We can compute the torque due an external forcing, for example, solar wind, reducing to 2D problem, considering radial incidence:
Using the fact that τ = dL dt , we have:
Cartoon to schematic torque computation generated by an external forcing. Right:
Looking at a given r and α we obtain:
By definition p = mv ⇒ δp = f dt and ∆p = δp. Therefore:
If we integrate over every α, by symmetry the only contribution will be for α = π/2
It means that for an external contribution to the atmospherics winds, we need a non-zero net moment transfer.
But, is it enough? In principle, this seems to be difficult because by symmetry the only point that receive this contribution is the solar point which is a "point" of zero measure.
In any case, if there is an external source of superrotation wind, it is necessary to show temporal and velocity scales, dispersion relation and waves propagation due this effect.
Temperature Gradients
As mentioned before, between day and night sides there exist strong gradients of temperature. In principle in the upper levels the gradient is smoother than in superficial levels, because superrotating winds tends to uniformise the temperature differences more efficiently than in the lower levels, where the winds are slower by an order of magnitude. [31] FIG. 7. Left: Temperature gradients provocates two regions, Region I; where the winds are stopped, the morphology is corrugated clouds shape. In opposite, Region II; the winds are accelerated, corresponding to smooth clouds shape. Right: Cartoon of wind shape in each region.
Albedo Radiation
Venus is a slow rotating planet, and the day and night sides have a strong difference in their Albedo. The behaviour of the incident radiation on the planet can be approximated as a white body in the day side and like a black body in the nightside, see Figure 8 . Chafin (2014) [32] estimated this pressure gradient like
with P rad ∝ 9 · 10 −6 Pa. He showed that this value is compatible with superrotating wind. However, the planet also slowly rotates. As shown in Fig 7 two regions can be defined:
• Region I: dusk zone; the external layer of the cell has a solidary speed respect to the rotation of the planet with velocity v I .
• Region II: dawn zone; the external layer of the cell has an opposite speed respect to the rotation of the planet with velocity v II .
In the night side, particularly in the anti-solar point, one can consider the mechanism in This energy, according to [31] has enough power to overcome viscosity losses and could explain superrotating winds. [31] found that using the Darcy-Weisbach equation, two fluxes at different velocities generate turbulence and wave propagation, transferring energy between different atmospheric layers:
where f D is the friction, D the pipe diameter, L typical longitude.
They set an experiment with two water "pipes" falling off at different velocities (2m/s and 0.2m/s) and found wave propagation and a the generation of a net flow (velocity 0,63m/s) giving a net angular momentum. The basic scheme of the experiment is shown in Fig 10   FIG. 10 . Cartoon of Durand-Manterola's experiment which try to emulate the Fig 9. Left: in perspective. Right: azimuthal view.
As mentioned above in the Gierasch mechanism the role of gravity waves is relevant to the generation of superrotation. For that reason, it is important to observe and measure their behaviour.
Gravity waves are wave disturbances in which buoyancy acts as the restoring force. These waves (internal gravity or buoyancy waves) abound in the stable density layering of the upper atmosphere. Their effects are visibly manifest in the curls of the clouds, in the moving skein-like and billow patterns of the clouds in the middle of the venusian atmosphere, and in the slowly shifting bands of the top part of the atmosphere. In terrestrial planets the characteristic of gravity waves are similar and its description is analogous to gravity waves in Earth, and since the seventies detailed studies exist about it, for example see Francis (1975) [33] .
What produces them? These waves can be generated by disturbances in the lowest part of the atmosphere, for example, wind flow over mountain ranges and violent thunderstorms.
Jet stream shear and solar radiation are other sources. An initial small amplitude in the lower atmosphere increases with height until the waves break in the mesosphere and lower thermosphere. Their wavelengths can range up to some hundreds of kilometers. Their periods ranging from a few minutes to days. Given the possible generation by flow over mountain ranges [34] , detailed works exist relating wave morphology and mapping of the planets, for example see Basilevsky (2003) [35] . 
V. SIMPLE MODEL
In this section we are going to show that superrotation speed solutions are possible in a stationary regime due a temperature gradient by the sun irradiation in a slowly rotating planet. If we consider a differential volume at given latitude and altitude, see Figure 11 .
A. Basic equations
To explore the possibility to generate superrotating winds by the temperature gradient due to the solar irradiation over the atmosphere, we build a simplified model which has the following assumptions.
• Stationary wind regime.
• 2π-periodicity condition in the solar point.
• Friction, radial and azimuthal velocities are negligible compared to u φ , the zonal wind velocity.
• We take the atmosphere as an ideal gas.
The continuity equation is then:
Where ρ is the mass density.
The dynamic equations are:
where r sin θ = R, and u
where g r is the radial gravity component. Also, the specific entropy s equation is:
WhereQ is the rate of absorbed or emitted heat per unit volume, and T the temperature.
Under the assumption of ideal gas and using the first principle of the thermodynamics:
where n is the number of mol and R m = 0.082 atm/molK we obtain:
Combining the energy equation with the entropy equation:
Since δp = R m ρdT + R m T δρ we have the equation for radial velocity:
Using the continuity equation, R m = C p − C v and constant ρu φ , we have a balance equation
Also,Q is the balance between the albedo radiation, black-body emission and diffusivity:
Considering an annular volume and neglecting the diffusion term, we have:
being:
• f abs an absorption factor related with Albedo which depends on the temperature and solar radiation.
• Θ(cosφ) Heaviside function.
• I solar radiative intensity.
• λ abs characteristic absorption scale.
• T ref is a reference temperature.
Using again the continuity equation in the expression for velocity we arrive at the following relation:
Finally, assuming ideal gas...
where
is the eigenvalue obtained by imposing a 2π periodic solution.
B. Numerical experiments
With the model developed in last section we took observed values of pressure and temperature as a function of altitude to evaluate wind speeds and compare with the observed ones.
According to our model, preserving the periodicity and fitting parameters adequately, we obtained wind velocity profiles in the range between 50 and 80 Km similar to those observed.
In this way we obtained each profile for a given latitude and altitude for the whole planet.
We made this for Venus and Titan. From Figure 12 we can see that the speed is lower in the interval {π/3; 5π/3} corresponding to the migration from the solar point to the nightside {π/2; 3π/2}. Later, when the wind returns to the dayside the speed increases. Fig 13 shows the absorption coefficients as a function of altitude used for numerical fitting (left) and the speed of wind in the solar point comparing with the maximal speed (right). We can see for one side that it which is consistent with the fact that the clouds layer increases the absorption and by another side the difference in velocity in each layers are not greater than a 10%.
Titan
In the same way we made the fit taking atmospheric values of Titan, in a qualitative way, the values are similar to the observed ones indicating that the influence of Saturn it seems not relevant to the wind dynamics for our model.
VI. CONCLUDING REMARKS AN OUTLOOK
In this paper we have reviewed and analyzed the problem of superrotation on Venus in light of the interest that the latest data have produced in the scientific community.
These data introduce a clear indication that traditional theoretical approaches have to be modified in some way. Although the model introduced here is capable of reproducing the general behavior of the wind in super rotation (at least in the layers of interest), under the assumptions of slow rotating planet and stationary regime due by heat balance is stablished.
The model indicates that the main source to supply superrotation is the solar irradiance. However, the problem of the generation of superrotation remains an enigma. Another problem is described in [36] that is interesting from the theoretical point of view because it presents the challenge of constructing a formulation that gives a global description of the dynamics of the Venusian atmosphere. The other question is whether a relationship between the
